Auditory verbal hallucinations (AVH) is a common and stressful symptom of schizophrenia. Disrupted connectivity between frontal and temporo-parietal language areas, giving rise to the misattribution of inner speech, is speculated to underlie this phenomenon. Disrupted connectivity should be reflected in the microstructure of the arcuate fasciculi (AF); the main connection between frontal and temporo-parietal language areas. In this study we compared microstructural properties of the AF and three other fiber tracts (cortical spinal tract, cingulum and uncinate fasciculus), between 44 schizophrenia patients with chronic severe hallucinations and 42 control subjects using diffusion tensor imaging (DTI) and magnetic transfer imaging (MTI). The DTI scans were used to compute fractional anisotropy (FA) and to reconstruct the fiber bundles of interest, while the MTI scans were used to compute magnetic transfer ratio (MTR) values. The patient group showed a general decrease in FA for all bundles. In the arcuate fasciculus this decreased FA was coupled to a significant increase in MTR values. A correlation was found between mean MTR values in both arcuate fasciculi and the severity of positive symptoms. The combination of decreased FA and increased MTR values observed in the arcuate fasciculi in patients suggests increased free water concentrations, probably caused by degraded integrity of the axons or the supportive glia cells. This suggests that disintegrated fiber integrity in the connection between frontal and temporo-parietal language areas in the schizophrenia patients is associated with their liability for auditory verbal hallucinations.
Introduction
Auditory verbal hallucinations (AVH) are a core symptom of schizophrenia, which underlying neurobiology is still largely unclear. Unraveling its pathophysiology may provide clues for new treatment strategies for the 25% of patients who fail to respond to current antipsychotic medication (Shergill et al., 1998) .
Recent functional magnetic resonance imaging (fMRI) studies have revealed important aspects of the neurobiology of AVH. Several brain areas consistently showed activation during AVH (Jardri et al., 2010) , such as the right and left temporo-parietal cortices and Broca's area and its right-sided homologue (Shergill et al., 2000; Sommer et al., 2003; Hoffman et al., 2007; Sommer et al., 2007; Sommer et al., 2008; Diederen et al., 2010) . Temporo-parietal activation during AVH probably reflects the perception of speech, while activity in the bilateral inferior frontal areas suggests the production of language.
Words produced in these areas may be experienced as AVH. It is unclear, however, why patients do not recognize these words as selfproduced, but rather attribute them to an external source. Ford et al. (2007) pointed to malfunction of the corollary discharge mechanism: a neuronal circuit that suppresses the sensory consequences of selfgenerated actions. Such systems are well known in the visual system, but also serve the auditory language circuit (Paus et al., 1996) . EEG and ERP studies showed that where healthy individuals suppress auditory perception areas during speech, this suppression is decreased in schizophrenia patients (Heinks-Maldonado et al., 2007; Ford et al., 2007) . Insufficient corollary discharge in the language system could result from disrupted communication between frontal and temporo-parietal areas (Whitford et al., 2010) . Such disturbed connectivity could result from microstructural alterations in the arcuate fasciculi, the most important fiber bundle between Broca's area and Wernicke's area (Lichtheim, 1885) .
Diffusion tensor imaging (DTI) can measure structural connectivity in the human brain for specific white matter bundles. Fractional anisotropy (FA) is a measure of directionality of the axons forming the fiber bundles and is often used as an index of fiber integrity and, to a lesser extent, myelination (Beaulieu, 2002) . Decreased FA, along with increased diffusivity within prefrontal and temporal lobes, as well as abnormalities within the fiber bundles connecting these regions are frequent findings in schizophrenia (Kubicki et al., 2007) . Three studies have specifically measured the arcuate fasciculus in hallucinating schizophrenia patients using DTI (Hubl et al., 2004; Seok et al., 2007; Shergill et al., 2007) , reporting decreased FA values of this bundle.
More specific information about abnormalities of white matter tracts can be obtained by combining DTI with magnetization transfer imaging (MTI) (Kubicki et al., 2005) . MTI is sensitive to macro molecules in tissue including myelin (Wolff and Balaban, 1994; van Buchem et al., 1999; Barkovich, 2000; Henkelman et al., 2001) . A measure of this magnetization transfer is usually expressed as magnetic transfer ratio (MTR). However, sequences with relatively high T1 weighting (as used in this study) are also sensitive to free water concentrations (Henkelman et al., 2001) . By combining the MTR results with the FA results we can differentiate between these two possible explanations. With increasing myelin concentration one would expect an increase in MTR as well as a decrease in radial diffusivity and an increase in FA (Gulani et al., 2001) . However if the level of free water increases (e.g. as a result of degradation of its microstructure) then also an increase in MTR may be expected but no decreases in radial and axial diffusivity. In fact, if the increase in free water is for instance due to a less dense packing of axons then an increase in radial diffusivity and hence a reduction in FA may be expected. Thus, low values of both FA and MTR would point to decreased myelin, while low FA values associated with high MTR suggest increased free water concentrations, probably caused by degraded integrity of the axons or the supportive glia cells.
In this study we investigated microstructural connectivity between the frontal and temporo-parietal language areas in schizophrenia patients with chronic hallucinations and matched controls. Mean FA values and mean MTR were determined along the left and right arcuate fasciculi. In order to make inferences about specificity of our findings, the same measures were taken from three other tracts, namely the cortico spinal tract (CST), cingulum (CGL) and uncinate fasciculus (UF). These different tracts were chosen for anatomical reasons, because they share directional components with the AF, rather than their functional role in schizophrenia. We hypothesize that FA and MTR values integrated along the arcuate fasciculus are specifically affected in the patient group, which may underlie their predisposition for AVH.
Methods

Participants
Forty-four patients diagnosed with schizophrenia and 42 healthy controls, matched for age, gender and handedness participated in this study. All patients were recruited from the psychiatry department of the University Medical Center Utrecht. Patients were diagnosed using the Comprehensive Assessment of Symptoms and History interview (CASH) (Andreasen et al., 1992) according to DSM-IV criteria by an independent psychiatrist. The Positive and Negative Syndrome Scale (PANSS) (Kay et al., 1987) was used for the assessment of symptoms on the day of the MRI scan. All patients used typical or atypical antipsychotic medication in conventional dosages (Table 1 and  Supplementary Table) . All patients suffered from severe medication resistant auditory verbal hallucinations (AVH), defined as insufficient response to at least two antipsychotic agents, occurring at least once an hour (enquired with PSYRATS (Haddock et al., 1999) ).
Absence of psychiatric disorder including substance abuse in the control group was checked using the CASH interview. Demographic details about the patient and control group are provided in Table 1 . From all participants handedness was assessed with the Edinburgh Handedness Inventory (Oldfield, 1971) . The study was approved by the medical ethical committee of the University Medical Center and after explanation to the participants; a written informed consent was obtained.
Image acquisition
All MRI scans were acquired on a 3 T Philips Achieva using an 8 channel SENSE head-coil. For each participant a set of DTI scans, a T1-weighted scan for anatomical reference and a MTI scan were collected. To increase the signal to noise ratio the DTI set consisted of two transverse DTI scans. The second set was identical to the first but acquired with reversed k-space readout (anterior direction) which allowed us to correct for geometric EPI distortions in the image processing step. The DTI scans were used for reconstruction of the fiber tracts.
The 3D MTI scan consisted of 2 volumes, one without and one with a magnetization transfer prepulse. The anatomical scan was used for normalization of all scans to MNI space.
For acquisition parameters see Table 2 .
Image processing
DTI image preprocessing was performed with in-house developed software (Mandl et al., 2010) . All subsequent registration steps of images and fiber coordinates as well as fiber selection with ROIs were done in Matlab scripts developed in-house using SPM5 Matlab functions, among others.
The DTI data set was corrected for susceptibility artifacts by exploiting the fact that DTI was scanned twice and with reversed phase encoding direction (Andersson and Skare, 2002) . Next the DTI data set was simultaneously realigned and corrected for possible gradient-induced EPI distortions (Andersson et al., 2003) . A robust estimation of the diffusion tensors was obtained using M-estimators (Chang et al., 2005) to limit the influence of possible outliers. From the diffusion tensors an FA image was calculated (Basser and Pierpaoli, 1996) . The FA and orientation maps were coregistered to the T1-weighted image using the diffusion-unweighted image as a source. Normalized mutual information coregistration as implemented in SPM5 was used (http://www.fil.ion.ucl.ac.uk/spm/software/spm5/). Other diffusion measures, such as axial diffusivity and radial diffusivity were also derived from the diffusion scans (see Table 3 ). These diffusivity measures can be very informative when investigating what diffusion component is responsible for any possible DTI abnormalities. Both magnetic transfer images, with magnetization prepulse (I M ) and without magnetization prepulse (I O ), were also coregistered to the T1-weighted image with the same SPM5 algorithm using the same transformation. This transformation was based on mutual information registration of I O image to the T1-weighted anatomical scan. Finally the magnetic transfer ratio (MTR) was computed (Table 3 ) from both (I O and I M ) coregistered scans. This resulted in a value for each voxel between around 0 and around 1, 0 for no signal reduction and 1 for maximum signal reduction due to magnetization transfer.
The T1-weighted image was normalized to MNI space using unified segmentation (Ashburner and Friston, 2005) in SPM5.
Fiber tracking
Brute force fiber tracking was performed using an implementation of the FACT (Fiber Assignment by Continuous Tracking) algorithm (Mori et al., 1999) using in-house developed software (Mandl et al., 2010) . Fiber tracking was initiated from all voxels in the brain. The following parameters were used: 8 seed points per voxel, minimum FA = 0.2, maximum angle = 53°and maximum average angle with neighboring voxels = 90°. Then all reconstructed tracts were coregistered to the T1-weighted scan with the transformation parameters acquired when coregistering the diffusion-unweighted image to the T1-weighted scan. Now all data was aligned with the T1-weighted scan. Next, all reconstructed tracts were tagged with MTR and FA values from the respective images after which they were transformed to MNI space with normalization parameters acquired as described previously.
Fiber bundles of interest were selected from the complete set of reconstructed tracts in MNI space using a multiple ROI approach (Wakana et al., 2004) , see also Fig. 1a . First, from 25 patients and 25 control subjects an average FA and fiber orientation map was computed from individual MNI normalized FA and orientation images. In these images the ROIs were manually drawn that represent a cross section through 2 planes for both left and right arcuate fasciculus (coronal plane, see Fig. 1a ), corticospinal tract (transversal plane), cingulum (coronal plane) and uncinate fasciculus (coronal plane). Two ROIs were used per hemisphere with a thickness of 3 mm and drawn in MNI space. These ROIs were defined before data acquisition was completely finished in order to investigate feasibility of tracking the different tracts. The separate ROIs are only used to roughly identify the bundles of interest and eventually combined to achieve a more specific localization of tract bundles. Furthermore, ROIs were drawn widely around the track as visible on the average FA map were larger than the tract of interest as visualized on the FA map. Finally, individual bundles were manually cleaned of spurious fibers. To perform an unbiased selection of fiber tracts for both groups the same ROI was used per tract for all subjects, which was possible as all data is normalized. An exclusive ROI was placed between the hemispheres to remove possible tracts running from one hemisphere to the other.
Statistical analysis
Mean values of the corresponding sampled and stored FA and MTR values were calculated for each tract in the selected fiber bundle. From these tract means an overall bundle mean was computed (i.e. one value per bundle representing average MTR or FA per bundle). All data was analyzed in SPSS 15.0. An overall 2 × 3 × 4 factorial MANOVA was applied, with outcome measure (FA/MTR/mean diffusivity), tract type (AF/CST/CGL/UF) and hemisphere (left/right) as factors and group as fixed factor. If any group × tract × measure interaction will be found, this justifies an individual MANOVA for each of the different outcome measures separately. In that case we will do an individual multivariate analysis for each different measurement separately (FA/MTR/diffusion). The eight dependent variables then correspond to the mean value of that measure from each of the eight different tracts. For mean FA we performed a MANCOVA, because it is known that FA is related with age (Rosenberger et al., 2008) , we initially used this factor as covariate and group as fixed factor.
Mean MTR was analyzed with a MANOVA and diffusivity measures were analyzed with a MANCOVA with group as fixed factor and age as covariate. Then group differences for each bundle were tested univariately with a Bonferroni correction for multiple testing. Correlations between age and the two outcome measures FA and MTR were calculated with a Pearson's r correlation coefficient. Finally a linear regression was performed to investigate if PANSS subscores could be used as a predictor for the outcome measures FA and MTR.
ROI analysis
As an additional control analysis we used an ROI method as an alternative for tract-based averages. Namely, a group-difference of a measurement sampled along individual tracts as described above could in principle be based on the fact that tracts are shaped and located somewhat differently for patients and controls and therefore different locations in the brain might be sampled per group. This is unrelated to the hypothesized tissue property differences for individual tracts. This control analysis can therefore increase the reliability of the findings. When the same result as before is found for ROI based tract probability maps, created from the entire group of participants (i.e. patients and controls) such an alternative explanation can be ruled out. After all the ROI is based on commonly shared voxels i.e. locations in the brain. From the complete population of subjects a probability map was generated in which all voxels that were coinciding with a fiber tract were tagged with the value 1, and all others with 0. After this, the probability for a voxel to be included in a tract was computed as the average of all these tagged images over all participants (patients and controls). By doing so a voxel that was included in 50% of the subjects for a certain bundle was assigned a value of 0.5. This resulted in a map with intensities between zero and one. From these maps corresponding MTR values were sampled after thresholding the probability map at 0.5, for all participants. This procedure ensures that for both patients and controls the same locations were sampled. Fractional anisotropy (FA) ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Results
Fiber tracking
Fiber tracking resulted in useful tracts for almost every subject (see Fig. 1b ), except for two control subjects and one patient. In these subjects the right cortico spinal tract, right arcuate fasciculus or left uncinate fasciculus could not be tracked. These cases were treated as missing values in SPSS and excluded in the multivariate analysis. One patient was considered an outlier since mean MTR values in the cingulum bundle exceeded 2 times the standard deviation and excluded from multivariate analysis. There was no difference in the number of reconstructed tracts for each fiber bundle between groups (see Table 4 ). 
Overall analysis
The overall 2 × 3 × 4 factorial MANOVA revealed a group effect [F(1,80) = 4.037 p = 0.048] and a significant interaction effect of tract × measure × group [F(6,75) = 2.360 p = 0.038].
FA values
A MANCOVA with group as fixed factor and age as covariate on mean FA values as dependent variables was performed. This showed a significant group effect [F (8,73) = 3.169 p = 0.004] and age effect [F (8,73) = 4.432 p ≤ 0.001]. For all bundles, except left and right cingulum, the mean FA values were significantly lower in the patient group (Fig. 2a) (Bonferroni corrected p ≤ 0.00625).
Significant negative correlations between age and tract-based FA were found in both groups (Fig. 3a) . 
MTR
The MANCOVA on mean MTR values showed a significant group effect but no effect for age. Therefore age was excluded as a covariate. Further analysis was done with a MANOVA with the mean MTR values from the eight different bundles with group as a fixed factor. This MANOVA showed a significant group effect [F (8, 73 To confirm our findings, the mean MTR values acquired with a ROI based analysis on a probability map (Fig. 4a) No correlations were found between age and mean MTR values in both groups (see Fig. 3b ).
Diffusivity measures
A MANCOVA with age as covariate and group as fixed factor and all eight bundles as independent variables was performed three times for mean diffusivity as well as radial and longitudinal diffusivity. Only for radial diffusivity (λ⊥), a significant group effect was found [F(8, 73)=2.178 p=0.039] as well as a significant age effect [F(8, 73)= 3.454 p≤0.001]. For all bundles radial diffusivity values were higher in the patient group (see Fig. 2c ). The difference in left and right AF, left and right CST and right CGL reached significance after Bonferroni correction (p≤0.00625). For mean diffusivity and axial diffusivity, no significant group effect was found [F(8, 73) 
Associations with symptom severity
A stepwise multiple regression was performed between mean MTR values of left and right AF as dependent variable and total positive, negative and general PANSS scores as independent variables (Table 5 ). For both left and right AF only positive PANSS scores had a significant predicting value. The regression analysis revealed no relation between FA and the different PANSS subscores and also no relation between the different diffusion components and PANSS subscores. From 3 patients PANSS scores were not available and therefore excluded from analyses. Regression diagnostics revealed no indication for multicollinearity of predictors and outliers.
Discussion
This study investigated microstructural connectivity of the arcuate fasciculi, the main tracts connecting language production and language perception areas, in 44 schizophrenia patients with chronic, severe auditory verbal hallucinations (AVH) and 42 matched controls. While the arcuate fasciculus was our main tract of interest, we also assessed connectivity of the cortico spinal tract, the cingulum and the uncinate fasciculus to determine specificity of our findings.
We observed a general decrease in fractional anisotropy (FA) in all bundles except the cingulum in patients as compared to controls. Moreover, we found a significant effect of age on FA values in both groups. In addition, the decreased FA values in the left and right arcuate fasciculi were accompanied by an increase in the magnetic transfer ratio (MTR) in the patients. This increase in MTR was confirmed with an ROI analysis, based on a probability maps for arcuate fasciculus-voxels for the total sample. Interestingly, the increased MTR in the patients' right and left arcuate fasciculi correlated positively with severity of positive symptoms.
When we analyzed the DTI scans to measure mean, axial and radial diffusivity, we observed an increase for only radial diffusivity in all fiber tracts of the patients.
As decreased FA values were a general finding in almost all other tracts, increased MTR values were specific for the arcuate fasciculus. The latter might be associated to AVH. A general decrease in FA values might be associated to schizophrenia itself, possible due to the use of medication in schizophrenia patients (Borgwardt et al., 2009) .
We interpret the combination of low FA values and high MTR ratio's in the patients' arcuate fasciculi as suggestive for degraded integrity of the axons or the supportive glia cells.
It is tempting to speculate that this degraded fiber integrity may underlie the impaired corollary discharge of the auditory language system, which has been measured with EEG studies . Impaired corollary discharge prevents these patients to recognize self-generated speech, which may lead to the experience of AVH. The correlation between MTR values of both arcuate fasciculi and severity of positive symptoms corroborates this hypothesized association between degraded arcuate fasciculi integrity and the vulnerability to AVH. However, the alterations in the arcuate fasciculi in patients with chronic AVH could be related either to their hallucinations or to other symptoms of schizophrenia, medication use or the functional deterioration associated with the disease. In order to test the specific association between microstructural degradation of the bilateral arcuate fasciculi and AVH, the same measurements should be repeated in a group of non-psychotic individuals with frequent AVH . Several studies have assessed FA in schizophrenia patients. Most of them also reported decreased FA values in the bundles connecting the frontal and temporo-parietal areas (Kubicki et al., 2007; Kyriakopoulos and Frangou, 2009) . A few studies that assessed FA in relation to auditory hallucinations reported increased FA of the arcuate fasciculus (Hubl et al., 2004; Rotarska-Jagiela et al., 2009 ) and superior temporal gyrus (Lee et al., 2009) in patients. These studies included relatively small samples and employed a voxel based approach. Two other studies (Shergill et al., 2007; Seok et al., 2007) found decreased FA values in the arcuate fasciculus of hallucinating patients, congruent with our findings. MTR is less frequently applied in schizophrenia patients. Foong et al. (2001) found widespread MTR reductions in schizophrenia patients, but these reductions were not replicated by Bagary et al. (2003) . Only the combination of FA and MTR enables differentiation between abnormalities in myelin and degradation of axons or glia cells. Only two previous studies used the combination of FA and MTR in schizophrenia (Kubicki et al., 2005; Mandl et al., 2010) . Kubicki et al. (2005) found decreased FA with increased MTR in several bundles, but not significantly so in the arcuate fasciculus. The discrepancy with our finding may result from differences in patients studied (Peters et al., 2010) , as we selected patients with chronic hallucinations while Kubicki et al. (2005) included first episode patients. Alternatively this can be explained by differences in MR field strength (1.5 T) and analysis type (voxel based). Mandl et al. (2010) found normal FA values with increased MTR of the uncinate fasciculus in a relatively young patient group, while the arcuate fasciculus was not analyzed. Compared to these two aforementioned studies, a 3 T tract based analysis of the arcuate fasciculus with DTI and MTR on a very specific population of patients suffering from AVH makes our study quite unique.
Our finding regarding age related FA decrease is in accordance with earlier findings (Rosenberger et al., 2008; Mandl et al., 2010) . No age-MTR relation was found in our sample. Little is known regarding Voxels that were present in 50% of the total amount of subjects were used as an ROI for the control ROI analysis. (b) Mean MTR value for each subject in left and right arcuate fasciculus from ROI analysis. ROI was based on voxels belonging to the arcuate fasciculus that were present in 50% of the subjects. *Significant after Bonferroni correction p = 0.025.
the effect of age on MTR values. Schiavone et al. (2009) reported a correlation of −0.566 between age and MTR. However the studied sample was a significantly older group (64 subjects, age range 54-91, mean age 70 years) who showed cognitive decline. A limitation of this study is that one might argue that increased negative correlations between age and FA are due to medication use. It is known that medication can have some serious effects on brain structure such as white matter (Borgwardt et al., 2009) . It would therefore be interesting to study a medication free group. It is however not likely that our MTR findings are the result of medication use, as this would have a global effect on the white matter in the brain, while our findings were specific for the AF. Another limitation is that MTR differences might be due to cognitive impairment. A cognitive assessment was not performed. So we therefore cannot exclude this as an explanation. However Schiavone et al. (2009) demonstrated an MTR difference in the opposite direction, namely a decrease. This was in a relatively old sample of subjects with cognitive decline. Our patient sample was younger compared to this group. Finally, as mentioned earlier in the methods section, a group difference based on the sampling of MTR along fiber tracts could be based on sampling a different area in the brain for different groups, as tracts could be shaped and located somewhat differently for both groups. Therefore we used a control analysis. In this analysis arcuate fasciculus voxels that were present in 50% of subjects in both groups were turned into one single mask used for sampling MTR in all subjects. This way we are by definition sampling the same location in the brain for all participants. This so called ROI analysis revealed similar results as the tract-based analysis, ruling out such an alternative explanation based on tract shape as the control measures are by definition based on the same voxel locations.
In conclusion, schizophrenia patients with chronic AVH showed decreased FA values combined with increased MTR values, most pronounced in the bilateral arcuate fasciculi, which is suggestive for degraded axons or glia cells. Increased MTR values of the arcuate fasciculi correlated with the severity of positive symptoms. Degradation of the axons and/or glia cells in the arcuate fasciculi may prevent effective corollary discharge from the inferior frontal speech regions to the temporo-parietal language perception areas. Ineffective corollary discharge may lead to inadequate recognition of self-generated verbal thoughts, thus provoking the experience of hearing voices.
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